BACKGROUND/OBJECTIVES: Functional garments for physiological sensing purposes have been used in several disciplines, that is, sports, firefighting, military and medicine. In most of the cases, textile electrodes (textrodes) embedded in the garment are used to monitor vital signs and other physiological measurements. Electrical bioimpedance (EBI) is a non-invasive and effective technology that can be used for the detection and supervision of different health conditions. EBI technology could make use of the advantages of garment integration; however, a successful implementation of EBI technology depends on the good performance of textrodes. The main drawback of textrodes is a deficient skin-electrode interface that produces a high degree of sensitivity to signal disturbances. This sensitivity can be reduced with a suitable selection of the electrode material and an intelligent and ergonomic garment design that ensures an effective skin-electrode contact area. SUBJECTS/METHODS: In this work, textrode functional straps for total right side EBI measurements for body composition are presented, and its measurement performance is compared against the use of Ag/AgCl electrodes. Shieldex sensor fabric and a tetra-polar electrode configuration using the ImpediMed spectrometer SFB7 in the frequency range of 3-500 kHz were used to obtain and analyse the impedance spectra and Cole and body composition parameters.
INTRODUCTION
Technological improvements in home and preventive personal health care are central issues when trying to modernise health services and reduce costs. New applications require a combination and a clever implementation of several technologies. Textile technology has been identified as a central component in the successful integration of E-health monitoring applications, 1, 2 and the development of functional garments capable of monitoring different physiological parameters will most likely prove to be beneficial.
Therefore, research and efforts related to functional garments have aimed at a feasible integration of textile technology into physiological measurement systems 3, 4 and to quantity the precision they can deliver. Wearable solutions with textile sensors embedded in garments are also gaining market interest. Most of these solutions are focused on monitoring electrical activity of the heart in sport and health applications. [5] [6] [7] Electrical bioimpedance (EBI), and more specifically bioimpedance spectroscopy (BIS), is another type of physiological measurement in which textile technology could be used. If textile electrodes (textrodes) give reliable measurements, the integration of textrodes into EBI/BIS systems' functional garments will enable novel monitoring applications for a number of health conditions, such as pulmonary function, by means of impedance plethysmography, 8 body fluid distribution on patients under peritoneal dialysis and body composition assessment in nutrition. [8] [9] [10] [11] In an EBI/BIS system, the electrodes have an essential role for injection of current and for sensing of the resulting voltage; therefore, the performance of the electrodes is essential for the quality of the measurement. In addition, as has been shown earlier, [12] [13] [14] textrodes present a higher sensitivity to signal disturbances compared with traditional electrodes.
The conductive properties of the textile material and the outer layer of the skin, the absence of electrolyte in textrodes, the amount of conductive material, the size of the sensor, effectiveness in the skin-electrode contact and the characteristics of the textile structures are some of the factors that determine the performance of the system and the reliability of the measurements. 15 In this study, a set of functional textile straps (hand-wrist and foot-ankle) for total right side EBI measurements, 16 with improved characteristics with respect to factors affecting the quality of the measurement, was developed and tested for body composition analysis (BCA). The new straps have higher-than-before content of conductive material in the electrode sensor, an extra material layer to guarantee a better and more effective skin-electrode contact and a more ergonomic design. The impedance spectra and the Cole and total body parameters were then analysed and compared against measurements with standard Ag/AgCl electrodes.
MATERIALS AND METHODS

Measurement and analysis
For this study, EBI spectroscopy BCA was performed on three subjects. By using the set of functional textrode straps forming a tetra-polar electrode configuration, sets of 100 total right side EBI measurements were taken for each subject using an ImpediMed SFB7 spectrometer (San Diego, CA, USA).
The measurements acquired with the textrode straps and the Ag/AgCl electrodes were analysed with respect to differences in impedance spectra and the Cole and the BCA parameters in the frequency range of 3-500 kHz.
Cole and BCA parameters estimation. The Cole and BCA parameters were estimated using the Bioimp software (ImpediMed). The software calculates the Cole parameters using the BIS measurements, and from the Cole parameters (R 0 and R N ), 17 the intracellular and extracellular fluid (ICF and ECF) contents are estimated using Van Loan's method and De Lorenzo formula, both based on Hanai's theory. 18, 19 According to these formulas, the values of ECF and ICF depend on the values of R 0 and R N . The rest of the parameters, body water, fat-free mass and fat mass, are estimated from the values of ECF and ICF.
Dual opposite measurements. A dual opposite electrode configuration as shown in Figure 1 was used to record the measurements with the Ag/AgCl electrodes. The configuration consists of two pairs of electrodes, one for current injection and one for voltage sensing. In each electrode pair, the electrodes are placed in diametrically opposite positions of the limb and connected with a cable. Such specific electrode configuration is used to obtain a more homogenous current density distribution in the region of the current injection.
Measurement subjects
The measurements were taken for three healthy male subjects lying supine in a resting state. The physical information of the subjects used to estimate the body composition parameters is presented in Table 1 .
Functional garment and electrode
Hand-wrist and foot-ankle functional straps Sensor material: The sensor material used, Shieldex, is a silver-plated, twodirection stretchable (warp-weft) and highly conductive knitted fabric Figure 1 . Dual opposite electrode connection on the foot-ankle. Two electrodes are used for current injection and two more for voltage sensing. All the three subjects were of male gender. manufactured by Statex (Bremen, Germany). This fabric shown in Figure 4a is made of 78% polyamide, 22% elastomer and plated with 99% conductive silver, which provides a surface resistivity o2 O per square. The approximate electrode area for current and voltage electrodes for both straps is described in Table 2 . A transverse view with the different layers of the strap can be observed in Figure 4b .
Ag/AgCl electrode. The Ag/AgCl electrodes were Red Dot repositionable electrodes manufactured by 3M (St Paul, MN, USA). They are made of nonwoven polypropylene, polyethylene, inner surface of hydroconductive and adhesive gel and snap-button connector. The sensor area of the electrode is 10.1 cm 2 .
RESULTS
EBI spectra
The complex impedance spectra obtained with the EBI measurements from the three subjects were very similar and, in general, small differences were observed between the textrodes and the Ag/AgCl electrodes. Figure 5 shows the resistance and reactance spectra obtained for subject 2. In this figure, the mean of 100 spectroscopy measurements obtained with the textrodes and the Ag/AgCl electrodes are presented and compared in blue and red trace, respectively. The main difference observed in both spectrums is the smaller magnitude exhibited by the textrode functional straps over the entire frequency range. The remaining subjects presented in general a similar spectral behavior.
The s.d. of the spectra for subject 2 is presented in Figure 6 . As it can be observed, the magnitude of the data dispersion estimated for each electrode over the whole frequency range is negligible compared with the difference between the two electrode types. For instance in Figure 6a , the maximum STD variations in the resistance spectrum for the textile strap and the Ag/AgCl electrode are in the order of 0.01 and 0.2 O, respectively. On the other hand, the maximum difference observed between the two types of electrodes in the same figure is in the order of 0.6 O.
In addition, from Figure 6a , it is possible to observe a larger dispersion in the measurements obtained with the textrode functional straps than with the Ag/AgCl electrodes. A different behaviour is presented in Figure 6b , where the reactance spectrum of the Ag/AgCl exhibits a larger dispersion at high frequencies. 
Cole and body composition parameters
The estimated values for the Cole and body composition parameters are shown in Table 3 . This table provides the mean values of the parameters obtained with the Bioimp software from the EBI spectral measurements performed on all three subjects using the textrodes and the Ag/AgCl electrodes. It is clear that the values of R 0 and R N obtained from the textrode measurements are smaller than the values obtained from the Ag/AgCl measurements. The estimation of the characteristic frequencies, f char , showed small differences, with subject 3 presenting the largest difference, 1.77 Hz.
The body composition parameters also exhibit very small differences. The estimation of the total body water parameter presents a maximum difference of 1.67%, whereas the maximum difference obtained for the ECF and ICF parameter was o1%. The difference obtained for the fat mass and the fat-free mass parameters was 2.29%.
Besides the mean value, the s.d. was estimated for the Cole and body composition parameters. The dispersion of R 0 and R N presented in Table 4 shows a slightly higher variability obtained with the textrode in almost all the cases. The characteristic frequency f char did not follow any specific trend, but the variability obtained with both electrodes was still low. The body composition parameters present a smaller difference between the two types of electrodes; the data scattering obtained with both sensors are very similar.
DISCUSSION
The electrode polarisation impedance (Z ep ) is produced by displacement of positive and negative electric charges in the skin-electrode interface, and factors such as the absence of electrolytic medium, size of the skin-electrode contact area (electrode contact area) or conductivity of the material in the electrodes could affect the transfers from ion to electron conduction in the skin-electrode contact area. For this reason, the presence or absence of electric charges in the interface will affect the value of Z ep and consequently the impedance estimation. The four-electrode configuration is a method that removes the direct influence of the electrode polarisation impedance, but it does not eliminate the influence on, for example, sensitivity to capacitive leakage.
The dry skin-electrode interface commonly present in textrodes seems to result in higher values of Z ep , and the reason for this could be attributed to the lack of electrolytic medium. It is expected that larger values of Z ep contribute to increase the influence of capacitive leakage 20 on the EBI measurement. The custom design of our textrode functional straps appears to reduce the high-frequency artefacts; the dispersion is much lower in the reactance at high frequencies (Figure 6b ). The larger sensor area and the more effective and uniform contact produced by the foam layer pushing the textrode surface against the skin may minimise the sensitivity to capacitive leakage and electrode impedance mismatch on the obtained spectral measurements. This can be observed from the impedance spectra in Figure 5 , where the spectra obtained with the textrode straps produce minor variations and lower frequency dependency compared with the spectra obtained with previous textile prototypes 12, 13 even in dry conditions. Constriction zone and dual opposite electrode measurements The injected electrical current flowing in biological tissue is not uniformly distributed; there are volumes with higher current densities and thus a larger contribution to the overall impedance. The area neighbouring the electrode is an area with high current density known as the constriction zone. 21 The larger the area of a current electrode, the smaller the value of the current density through such electrode, decreasing the area of the constriction zone as well. In the case of the textrodes used in this work, the reduced size of the constriction zone produces a more uniform current density distribution. In the same way, the placement and number of Ag/AgCl electrodes have an influence in the effective area for current injection and voltage sensing modifying the constriction zone.
As presented in Marquez et al. 22 , modifying the constriction zone and a possible presence of electrode mismatch 23 may have an influence in the spectral impedance measurements. The influence of mismatch may be attributed to differences in the Z ep caused by differences in the skin-electrode interface depending on where on the surface of the body the electrodes are placed and/or by the differences of the effective contacting surface of the current and voltage electrodes. As a consequence, the estimated Cole parameters also differ, and this difference is mainly reflected in the values of R 0 and R N . The measurements done using the dual opposite configuration increase the contact area mimicking better the behavior of the textrode straps. The area increment allows a more representative comparison and at the same time reduces the possibility of impedance electrode mismatch. Tables 3 and 4 , the differences obtained in the impedance spectra and the Cole and the BCA parameters are apparently caused by the differences in the magnitude of the resistance and by a probable slight electrode impedance mismatch present in the Dual opposite measurements. This difference in the impedance spectra, however, produces negligible differences in the estimation of the BCA parameters. As shown in Table 3 , the maximum difference obtained in R 0 is 4.9% (in patient 3), resulting in a difference of 770 ml in the ECF. According to Kraemer et al., 24 the minimum threshold to detect relevant clinical changes in fluid status of dialysis patients should be about 1 l. In the same way, the difference of the data dispersion obtained with both types of electrodes is negligible. Data presented in Table 4 confirm a low dispersion obtained with the textile straps; indeed, this difference is as low as the one obtained with the Ag/AgCl electrodes, and in some cases is even slightly smaller.
CONCLUSION
The results achieved in this study show the feasibility of obtaining good-quality EBI measurements with the functional textrode strap presented.
The impedance spectra showed small differences between the textrodes and the Ag/AgCl electrodes. In addition, the design and manufacturing modifications made to this functional straps result in a clear improvement compared with previous prototypes. The modifications in surface size, the foam layer and the high conductive fibre appear to be the key factors behind the improvement.
The availability of effective textile garments for EBI spectroscopy will be important for the proliferation of EBI-based personalised health-monitoring systems for body fluid distribution, which could have an important role in home-based therapies such as peritoneal dialysis.
Malnourishment is a common condition presented in patients under peritoneal dialysis treatments where bioimpedance has been used to evaluate the nutritional status through BCA. 25, 26 Under this condition, patients present unusual low serum levels, commonly used as nutritional markers, and other risk factors associated with higher mortality.
In addition, the use of EBI for the evaluation of the nutritional status and body composition in patients with chronic obstructive pulmonary disease, [27] [28] [29] Alzheimer's disease 30 and other conditions such as hypertension, congestive heart failure, overhydration or water distribution before and after pregnancy 31 can also benefit from the integration of textile sensors in healthmonitoring systems.
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